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Abstract 
In a new hydrometallurgieal process for recovery of lead from lead oxide secondaries, liquid effluence is 
minimized by jointly treating contaminated was~ting water and leaehant bleed. To enable internal recycling of the 
leachant bleed and recover pure water, it is necessary to incorporate a concentration u it. In this paper different 
technologies for concentrating the mixed stream are compared. At a specified water ecovery rate of 10 m3/h, the 
total costs for mechanical vapour compression evaporation, freeze concentration a d multiple ffect evaporation are 
13, 18 and 18 U$/ra 3 of recovered water, respectively. The total costs decrease at ~ncreasing water ecovery rates, 
but mechanical vapour compression evaporation remains gie cheapest technology w:,thin the major part of the range 
studied (5-55 m3/h water ecovery). 
Keywords: Econon~ics; Water recovery; Leachant bleed stream; Mechanical vapour conspression; Evaporation; 
Lead recovery; Battery recycling 
1. Introduction 
In 1991, the countries of the EU produced 
about 4 MT of lead, Lead is a product with a wide 
variety of uses, but the main consumption of lead 
can be found in the battery manufacturing indus- 
try. These batteries can be car starter batteries, 
drive batteries for electric carrier vehicles or fixed 
installation batteries used to provide emergency 
power supplies. Other important uses of lead are 
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cable sheathing and chemicals (lead oxides, paints, 
pigments). In 1989, about 62% of the total lead 
consumption was used for manufacturing batteries 
[1], This share is growing, and is expected to 
become above 65% by 1995 and possibly beyond 
70% by the end of the century [2]. 
Recycling of lead plays an important role in the 
lead market: secondary lead represents about 50% 
cf the total refined lead production. The recycling 
of batteries is a process of great significance and 
has a large share in the lead recycling loop. 
Roughly 85 % of the used batteries are recycled. 
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Traditionally, pyrometailurgical technologies 
are used for the recovery of lead and other mate- 
rials from spent batteries. It has been necessary to 
use large and expensive air pollution control and 
wastewater plants in attempting to meet environ- 
mental regulations. This originates from the pro- 
duction of unwanted lead-bearing dusts and pow- 
ders as by-products, which are toxic hazards. 
The problem with the treatment of lead oxide 
secondaries can be solved by the use of hydro- 
metallurgy and electrochemistry. Along these lines 
a new process, called the PLACID process, is 
presently being developed by the so-called Lere- 
fleos Consortium (Lerefleos=Lead Recover~'from 
Lead Oxide Secondaries), led by T6cnicas Reuni- 
das S.A. from Madrid.* Currently, a pilot plant is 
being designed and constructed. By the end of 
1995 at the latest, the PLACID process will be 
fully developed and evaluated, and available for 
commercial exploitation. 
2. Description of the PLACID process 
A simplified block diagram of the PLACID 
process is shown in Fig. 1. The secondary lead 
material is dissolved in hot acid brine to create a 
lead chloride electrolyte. The brine has a concen- 
tration of approximately 4.5-5 M NaCI and 0.1 M 
HCI at the start, and has a temperature of 60- 
80°C. After leaching, the brine ts filtered and 
purified by cementation with metallic lead. High- 
purity lead is won from the lead pregnant solution 
by electrolysis in a newly developed membrane 
cell. Spent catholyte, electrolytically re-acidified, 
is then recycled to the start of the process for 
further leaching raw materials. A part of the spent 
catholyte is bled off to avoid build-up of heavy 
metal impurities within the process. This bleed 
stream is purified, so that it can be recycled and 
liquid effluence is minimized. 
*Contact: G. Diaz, R&D Centre Director, T6cnicas 
Reanidas SA, Sierra Nevada 16, 28850 Torrej6n de 
ArdGz, Madrid, Spain. 
Besides the catholyte bleed, there is another 
stream that has to be purified: washing water is 
contaminated with brine during washing of leach- 
ing residue and lead metal product. Purification of 
the contaminated washing water stream is neces- 
sary to enable internal recycling as washing water 
and to meet environmental regulations for dispos- 
al. Purification of contaminated washing water and 
catholyte bleed is carried out within the same 
equipment. This implies that it is necessary to 
incorporate a concentration unit, which has two 
purposes: (1) production of concentrate ata chlo- 
ride concentration of 180 g/l in order to enable 
reuse of the bleed for leaching, and (2) recovery of 
pure water that can be reused for washing and 
partly be disposed of. 
The duty of the concentration u it depends on 
the flow rate of washing water, which is fixed. 
The volumetric flow rate of the feed to the purifi- 
cation unit on the other hand depends on the 
sequence of the concentraticn and purification 
steps, for which there are several possibilities. 
Two options are considered; both options are 
schematically represented in Figs. 2 and 3. In the 
first option, which is referred to as combined 
treatment, the contaminated water is premixed 
with the catholyte bleed, after which the mixed 
stream is purified and finally concentrated; this 
option is also shown in Fig. 1. In the second op- 
tion, which is referred to as separate treatment, 
the contaminated water is first concentrated tothe 
desired chloride concentration of 180 g/l (the 
catholyte bleed is already at the specified concen- 
tration). The concentrate is added to the catholyte 
bleed stream, and the mixed stream is purified. 
In the separate treatment option, the volumetric 
flow rate in the purification section will be smaller 
than in the combined treatment option, while the 
concentrations will be higher. This will lead to 
smaller equipment volumes in the purification 
section. There are also differences in the flow 
rates and concentrations in the feed to the con- 
centration unit, but the rate at which water is 
separated is the same in the two options. Further- 
more, in the combined treatment option the pH 
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oi the feed to the concentration unit is higher than 
in the case of the separate treatment option be- 
cause during purification alkaline r~agents are 
dosed. 
The objective of the work described in this 
paper is to determine the most attractive unit 
operation for concentration of the contaminated 
stream for both process options. The choice is 
determined by the process economics and the 
technical feasibility of the different available unit 
operations. 
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3. Selection of unit operations 
The applicability of the different available tech- 
nologies for the concentration stage depends on the 
composition and flow rates of the feed and the 
products. The composition of the stream before 
and after concentration is given in Table 1 for both 
combined and separate treatment of contaminated 
washing water and catholyte bleed. 
In die combined treatment option, the feed is 
purified prior to concentration (see Fig. 2) and 
contains virtually no Pb, Fe, Zn and Sn. In the 
separate treatment option, these components have 
not yet been removed (see Fig. 3). In both options 
the calcium and sulfates concentrations are consid- 
erable. The high acid concentration i case of the 
separate treatment option increases the calcium 
solubility compared to non-acidic solutions due to 
the sulfate/bisulfate equilibrium: SO 2 -+ 
H+~HSO4 --. At the indicated pH values a sub- 
stantial part of the sulfates will be present as bisul- 
fate. Also, the high chloride concentrations will 
lead to complexation reactions, which will further 
increase the solubility. 
Most of the work on calcium sulfate scaling 
concerns virtually neutral solutions. It has been 
Table l 
Composition -f  the feed and product of the concentra- 
tion unit (g/l) 
Component Combined treatment Separate reatment 
Feed Product Feed  Product 
Pb 2+ -- -- 3.4 14.2 
Fe 2+ -- -- 0.5 2.1 
Zn 2+ -- -- 0.03 0.12 
Na + 37.5 109.5 24.9 103.4 
Ca 2+ 2.4 7.1 1.4 6.0 
CI - 61.7 180.0 43.4 180.0 
Sult~tes 0.6 ! .8 0.5 2.0 
as (SO 2-) 
pH 3.0 2 5 1.5 1.0 
Flow rate, 15.4 5.3 13.3 3.2 
m3/h 
found experimentally that under working condi- 
tions an increase in pH may indeed lead to scaling, 
Two unit operations have been selected to study 
their profitability: evaporation and treeze concen- 
tration. Other processes uch as reverse osmosis 
and electrodialysis have not been considered be- 
cause of the high feed and product concentrations 
and the severe restrictions on the concentrations in 
the recovered water. The specific features of 
evaporation ,and freeze concentration processes in 
the present application will first be discussed, after 
which an economic evaluation is given. 
4. Application of evaporation 
Two types of evaporation processes are consid- 
ered: multiple effect evaporation (MEE) and 
mechanical vapour compression evapoi'ation 
(MVC). Thermal vapour compression (TVC) may 
be applied in combination with MEE; this has been 
taken into account in the evaluations. 
The evaporator type selected is the falling film 
evaporator. This type is often the first choice, 
except when dealing with highly viscous or heavily 
scaling feeds. Falling film evaporators can be 
safely applied for products that have a concentra- 
tion very close to the saturation concentration. A 
concentration factor of 4 can be attained in a single 
apparatus, but this requires recirculation of the 
concentrate over the evaporator to assure wetting 
of the entire inner tube surface. The concentration 
factor of 4 is thus an overall concentration factor; 
the concentration factor per pass will be much 
lower. 
Specific points of interest in the current appli- 
cation of evaporation are: (1) deposition of solids, 
especially of calcium sulfate which way give rise 
to scaling; and (2) appearance of HCI in the 
vapour due to the vapour pressure of this compo- 
nent. 
These items have been investigated experimen- 
tally on laboratory scale [3]. The results are sum- 
marized below. 
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4. I. Deposit formation experiments 
In these experiments, a batch of solution corre- 
sponding to the feed compositior~-z from Table ! 
was evaporated wader partial reflux in a 3 ! round- 
bottom flask. Evaporation was continued until 
solids became visible in the flask. In the case of a 
feed composition corresponding to the separate 
treatment option, no calcium sulfate deposition has 
been observed uring the evaporation trajectory, 
and evaporation could be continued up to about 
1.2 times the product concentration from Table 1. 
At that point solid deposits tarted to appear which 
have been identified as CaSO 4. In the case of the 
combined treatment option the experiments have 
shown the product o be supersaturated in calcium 
sulfate, and calcium sulfate deposition takes place 
halfway through the evaporation trajectory. Addi- 
tion of acid is necessary to avoid calcium sulfate 
deposition during the evaporation trajectory. From 
the experiments it has been concluded that an acid 
concentration f 0.1 M in the concentrate is suffi- 
cient to avoid calcium sulfate deposition. No other 
deposits than calcium sulfate have been found 
during the evaporation trajectory, neither in the 
ease of the combined nor in the case of the sepa- 
rate treatment option. 
4. 2. HCl desorption experiments 
Batch evaporation experiments have been car- 
ried out in an isolated and heat-traced 3 1 round 
bottom flask without reflux. Two kinds of experi- 
ments have been conducted: (1) determination f
the initial HCI vapour mole-fraction from solutions 
corresponding to the feeds and products from 
Table 1 in order to obtain equilibrium data, and 
(2) evaporation of the feed to the desired product 
concentration, i.e., the entire evaporation trajecto- 
ry from Table 1 was followed in a batch experi- 
ment. It has been assumed that in the ease of the 
combined treatment option the concentrate is 
acidified up to 0.1 M H + in order to avoid scal- 
ing. To compare the experimental results with 
theoretical expectations, flash calculations have 
been performed using the NRTL-model. It has 
been concluded by comparison of the experiments 
and the calculations that the mole fraction of HCI 
in the vapour will become about 5"10-'* in both 
the separate and the combined treatment option 
[3]. 
Any trace of HCl in the vapour call cause 
serious corrosion problems, especially in MVC 
processes. In the industrial evaporation process, 
HCI can be removed from the vapour by washing 
with water. A reflux of condensate is taken for this 
purpose. The loaded reflux from the wash column 
is led back to the evaporator. It may be desirable 
to install additional guard adsorbers with an alka- 
line adsorbent after the wash columns, especially 
in the case of the MVC process where the com- 
pressor has to be protected. This will lead to extra 
pressure drops, but with the use of a structured 
packing these can be kept low. The reflux ratio 
can be kept as low as 0.1-0.2 when two theoretical 
stages are installed in the wash column. This has 
appeared from flash calculations with the aid of 
the flowsheet package "ASPEN Plus" [3]. 
5. Application of freeze concentration 
There are different ypes of freeze concentra- 
tion processes, depending on the cooling method 
that is applied. For the present application, a 
direct-contact cooling method using a butane cycle 
has been considered. This type ot" process uses the 
heat pump principle: butane is injected into the 
freezing unit, and the evaporation ofbutane causes 
withdrawal of heat. The butane vapour is com- 
pressed and condensed [4]. 
The applicability of freeze concentration (FC) 
is limited by the occurence of a eutecticum. In the 
binary system NaCI/H20 the eutectic omposition 
is 170 g/l CI- (23.31 wt% NaCI) at a temperature 
of -21.1°C [5]. This is the maximum brine con- 
centration that can be achieved in a single stage 
process. From freeze concentration experiments in 
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a batch set-up [3], it has been found that the eutec- 
ticum is only slightly influenced by the presence of 
other components. The eutectic composition is 
168 g/l C1- at a temperature of -22.0°C. Though 
the maximum achievable chloride concentration is 
lower than the desired concentration of 180 g/l, it 
may be sufficl,~nt for use in leaching. 
Problems may be expected in the case of the 
separate treatment option; in this option, the feed 
contains a large number of contaminants (see 
Table 1). These contaminants may be encapsulated 
within the ice crystals o that the recovered water 
becomes contaminated. Furthermore, PbCI 2 crys- 
tallizes upon cooling the feed and will reqmre a 
separate crystallizer. 
6. Techno-economic evaluation 
The final choice of the most attractive process 
for the concemration stage depends to a large 
extent on the economics. To provide a basis for 
the economic omparison of the different selected 
concentration processes, preliminary designs have 
been made yielding base equipment dimensions 
and utility consumptions. The correlations for the 
equipment costs are based on characteristics of the 
different pieces of equipment (evaporator surface 
area, compressor power, etc.) and have been taken 
from [4,6]. The plant is assumed to be erected and 
operated in the Netherlands, and the factors and 
prices from Table 2 have been used for the deter- 
mination of the total annual costs. 
In the evaluations, the,total costs have been 
optimized for the main process variables. The 
technical characteristics of the three optimized 
processes are as fr, llows: 
1. MVC - -  The optimum compression ratio is 
1.9. This requires a centrifugal compressor with 
two stages. Protection of the compressor against 
HCI in the vapour is important; this requires a 
guard bed with alkaline adsorbent, besides a wash 
column. 
The MVC process operates at atmospheric 
pressure. This appears to be most economical. 
2. MEE - -  The optimum number of effects is 
3. Application of TVC over the first effect is 
Table 2 
Factors and prices used in the economic evaluations 
Engineering and contingency 35 % of direct 
equipment costs 
Annual investment costs 20% of total 
investment a 
Annual abour costs 7.5% of direct 
equipment costs 
Annual maintenance costs 4.0% of direct 
equipment costs 
Annual overhead costs 5.0% of direct 
equipment costs 
Steam $15.6/T b
Cooling water $0.053/T b 
Electricity $0.053/kWh b 
aAnnual investment costs include interest. 
bExchange rate: US$1.00=DFI 1.90. 
favourable. The temperature difference across the 
evaporaior surfaces can be as high as about 15°C. 
To protect he evaporator shells of the subsequent 
effects from HCI in the vapour, wash columns are 
placed between the different effects. 
3. FC - -  The crystallizer is operated at a tem- 
perature of -22°C and a pressure of 0.4 bar. The 
primary butane compressor works at 1.3 bar while 
the secondary butane compressor works at 2.5 bar. 
The costs for the optimized processes are given 
in Table 3. The investment costs include the direct 
installed equipment costs, the interest and the 
necessary engineering and contingency. The vari- 
able costs consist of utility costs and labour, main- 
tenance and overhead costs. The accuracy of the 
total costs reported in Table 3 is estimated to be 
about 40%. 
The preliminary designs are based on the mass 
balances from Table 1 and are valid for a water 
recovery capacity of 10.1 m3/h for MVC and 
MEE and 9.4 m3/h for FC. The influence of the 
capacity on the total costs has been studied by 
varying the feed flow rate and the feed concentra- 
tion in the calculations; the results of the total 
costs p~r m 3 of water recovered are shown in 
Fig. 4. 
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Table 3 
Results of economic evaluations for combined and 
separate treatment options 
Investment Variable Total Product 
costs costs costs 
kS k$/y k$/y k$/y $/m 3 
Combined 
treatment: 
MVC 
FC 
MEE 
Separate 
treatnlent: 
MVC 
FC 
MEE 
3543 509 497 1006 12.5 
3568 714 630 1344 17.8 
2878 576 900 1476 1d.3 
2470 494 510 1004 12.4 
3566 713 630 1343 17.8 
2844 569 886 1455 18.0 
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Fig. 4. Variation of total costs per m 3 of water recov- 
ered with the water recovery rate. 
7. Discussion 
According to Table 3, the total costs per m 3 are 
the lowest for the MVC evaporation process in 
both the combined and separate treatment option. 
MEF, and FC processes are about equally attrac- 
tive front an economic point of view. The differ- 
ences between MVC and the other two processes 
are significant and larger than the inaccuracies in 
the total costs, which are estimated to be about 
40%. 
The variable costs consist of utility costs and 
equipment-related costs (labour, maintenance, 
overheads). In Table 4 the total costs of the three 
processes are further specified to show the direct 
share of the utility and equipment costs in the total 
costs. The direct equipment costs are multiplied by 
a factor 0.435 to determine the share in the total 
annual costs, in accordance with the data in 
Table 2. 
1he MVC process requires the lowest investment, 
while the utility costs are comparable to those of 
FC. For the MVC process, impervious graphite is 
recommended for the heat exchange surfaces. The 
investment of MVC is intermediate between a two- 
and a three-effect evaporator. This is due to the 
very high material costs because ot the corrosive- 
ness of the stream (impervious graphite is also 
used for the heat exchange surfaces). This makes 
Table 4 
Direct equipment costs and utility costs 
Direct equipment Utility Total 
cos~ costs costs 
kS k$/y k$/y k$/y 
Combined treatment: 
MVC 
FC 
MEE 
Separate treatment: 
MVC 
FC 
MEE 
1884 820 186 1006 
2643 1150 194 1344 
2132 927 549 1476 
1830 796 208 1004 
2641 1149 194 1343 
2107 917 538 1455 
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MEE very expensive; in many applications the 
investment required for MVC is higher than for 
MEE. 
The high total costs of MEE are seen to be 
mainly due to the high utility costs. At this capaci- 
ty, high boiling point rise and high equipment 
costs, the optimum number of effects is low 
(N=3); extra evaporation effects are not justifi- 
able, leading to a relatively high energy consump- 
tion. 
The high total costs of FC are mainly caused 
by the high equipment costs. The main potential 
advantage of FC is low energy consumption, but 
this is hardly important in this case since the utility 
costs determine the total costs by about only 15 %. 
It is seen that the total costs are equal in the 
separate and combined treatment options because 
the capacity is about equal in both cases. This 
implies that the separate treatment option will be 
the most attractive of the two process options ince 
the required equipment volume will be smaller 
than in the combined treatment option due to the 
smaller volumetric flow rates. 
A comparison of the total costs at varying 
capacity has been given in Fig. 4. From this figure 
it can be concluded that MVC is the cheapest op- 
tion in the major part of the capacity range stud- 
ied. At high capacities (> 45 m3/h) FC becomes 
about as equally attractive as MVC. At the higher 
capacity ranges the economy of scale is more 
favourable for FC than for MVC; the costs of 
MVC hardly decline with the capacity while the 
costs of FC still do. 
Below a capacity of 12 m3/h FC and MEE 
show equal total costs, but at higher capacities 
MEE is the most expensive process. 
8. Conclusions 
From the economic evaluations it follows that 
mechanical vapour compression evaporation is the 
cheapest option to concentrate the contaminated 
washing water in the PLACID process. The costs 
are 12.5 $/m ? and determine about 7% of the total 
costs for the PLACID procc~. This shows that it 
is worthwhile to study and optimize the application 
of evaporation oralternative concentration technol- 
ogies for this kind of application. 
The high costs in comparison to other applica- 
tions are mainly due to the relatively high equip- 
ment costs. The impact of the utility prices is high, 
but within the possible variations MVC is expected 
to remain the most attractive option. This also 
holds at other but similar capacities. 
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